Alveolar rhabdomyosarcoma (ARMS) is associated with chromosomal translocations that generate PAX3-FKHR and PAX7-FKHR fusion oncoproteins. Based on studies demonstrating that high PAX3-FKHR expression causes growth suppression, the hypothesis is proposed that, during ARMS tumorigenesis, the translocations cause low oncoprotein expression and are followed by collaborating events that block growth suppression pathways and permit upregulation of oncoprotein expression. To investigate oncogenic function at low expression levels, PAX3-FKHR was introduced into NIH3T3 cells in the pBabe retroviral vector. Compared to high expression systems, PAX3-FKHR expression from pBabe was lower and did not suppress growth, but showed transforming activity in the soft agar assay. As a possible collaborating event, PAX3-FKHR paired box mutations were previously shown in high expression systems to reverse growth suppressive effects. In the low expression system, the paired box mutation enhanced transformation in soft agar and focus formation assays. Although these mutations are candidate collaborating events, sequencing of paired box regions in ARMS tumors did not identify mutations. Finally, genes from known genetic alterations in ARMS were introduced, alone or combined, into NIH3T3 cells with high PAX3-FKHR expression and did not rescue growth suppression. In summary, these studies provide a model for an event in ARMS tumorigenesis that enhances PAX3-FKHR oncogenicity and abrogates growth suppression, but do not demonstrate a known event occurring in ARMS tumors that fulfills these criteria.
Alveolar rhabdomyosarcoma (ARMS) is an aggressive softtissue tumor associated with the skeletal muscle lineage that occurs mainly in children. 1 Cytogenetic analyses revealed that recurrent chromosomal translocations, usually t(2;13) (q35;q14) and less frequently t(1;13)(p36;q14), occur in ARMS. These translocations generate chimeric genes that encode fusion proteins with the N-terminal portion of PAX3 or PAX7 fused in-frame to the C-terminal region of FKHR. 2 These fusion products are more highly expressed in ARMS cells, 3 are more potent transcription factors, 4 and are expressed exclusively in the nucleus 5 compared to the corresponding wild-type (WT) products. Based on these abnormal features, these fusion proteins act as aberrant transcription factors that alter the pattern of downstream gene expression within the cell and contribute to tumorigenesis, as evidenced by transforming activity in the NIH3T3 soft agar assay. [6] [7] [8] To further study the phenotypic consequences of fusion protein expression, PAX3-FKHR was introduced into NIH3T3 and other murine cells. 8 These experiments were conducted using the retroviral vector pK1, which contains a strong promoter, expressing the test and puromycin resistance genes as a single transcript with an internal ribosome entry site to permit translation of two proteins. In contrast to control cells that progressively grew, cells expressing PAX3-FKHR diminished in number over a 6-day period at which point a population of cells started to grow. Western blot analysis showed that the initial population expressed high PAX3-FKHR protein levels, comparable to the level in ARMS cells, whereas the surviving population expressed B10-fold lower levels. These findings indicate that high PAX3-FKHR levels exert growth suppressive effects and are not tolerated by the murine cells whereas ARMS cells tolerate these high levels and thus have mechanisms for attenuating the suppressive effects.
Based on these findings, we postulate a scenario for ARMS tumorigenesis. In this scenario, we propose that an early event is the 2;13 translocation, which generates low PAX3-FKHR expression and induces transformation. We then propose that one or more additional genetic alterations occur to collaborate with PAX3-FKHR, and to abolish growth suppression pathways that would be triggered by later high PAX3-FKHR expression. Later in ARMS tumorigenesis, we propose that PAX3-FKHR upregulation occurs and would not induce growth suppression due to the collaborating events that attenuated these effects. The high PAX3-FKHR level would then be able to induce additional biological effects.
In this report, we conducted studies to test and advance this scenario. To model putative early events in ARMS tumorigenesis, we developed an inducible system that expresses lower levels of PAX3-FKHR and does not demonstrate growth suppression. In this system, we can examine the effect of putative collaborating events on oncogenic activity without interference from the growth suppressive activity. As potential collaborating events, we further analyzed the oncogenic effects of PAX3-FKHR-binding domain mutations, and then proceed to screen ARMS tumors for sequence alterations in these domains. Finally, to investigate how other genetic alterations previously identified in ARMS cells impact on growth suppression, we used the inducible pK1-based murine cell systems and assayed whether these alterations (singly or combined) affected the level of PAX3-FKHR-induced growth suppression.
MATERIALS AND METHODS

Retroviral Constructs
The PAX3-FKHR-ER fragment was subcloned into the pBabe-puro retroviral vector, and G48S and N269A mutations were introduced using corresponding primers 8 and the Quik-change site-directed mutagenesis kit (Stratagene). To generate the PAX3-FKHR-pBabe construct, a stop codon was introduced into the 3 0 end of PAX3-FKHR in PAX3-FKHR-ER-pBabe. The SV40 large T antigen and CDK4 were subcloned into MigR1, a retroviral vector with a GFP marker (provided by Dr W Pear). MDM2 was subcloned into pR-Zeo, a retroviral vector constructed from MigR1 with a zeocin resistance marker, and MYCN was subcloned into pK-Hyg, a retroviral vector constructed from pK1 with a hygromycin resistance marker.
Cell Culture, Transduction, and Cell Growth Assays NIH3T3 cells were cultured in DMEM medium (Gibco) supplied with 10% fetal bovine serum (Hyclone) and antibiotics-antifungizone (Gibco) at 371C, 5% CO 2 and 95% humidity. The retroviral transduction procedure was performed as described previously. 8 Antibiotic selection was performed as follows: pK1 and pBabe-transduced cells were selected in 3 mg/ml puromycin (Clontech), pR-Zeo-transduced cells in 1 mg/ml zeocin (Invitrogen), and pK-Hygtransduced cells in 600 mg/ml hygromycin (Roche). In addition, MigR1-transduced cells were harvested using fluorescent activated cell sorting analysis (FACS, Becton Dickinson). For cell growth analysis, 2 Â 10 4 cells/well were seeded in a six-well plate (Corning), and cell number was counted by the trypan blue exclusion method (Gibco) at the indicated times with or without 4-hydroxytamoxifen (TMF) (Sigma). Cell growth is expressed relative to the cell number at day 1.
Western Blot Analysis and Luciferase Reporter Assays Cells were lysed using RIPA buffer (Santa Cruz Biotechnology) and protein concentration was quantified with the Bio-Rad Protein Assay Kit. Forty micrograms of protein were fractionated in 4-12% Nupage gel (Invitrogen) and transferred onto nitrocellulose filter (Hybond-ECL, Amersham Biosciences). The antibodies used in this work were: anti-PAX3 rabbit polyclonal (Abcam), anti-CDK4 rabbit polyclonal (C-22, Santa Cruz Biotechnology), anti-MDM2 monoclonal (Ab-1, CalBiochem), anti-MYCN rabbit polyclonal (C-19, Santa Cruz Biotechnology), anti-SV40 large T antigen monoclonal (Pab-101, Santa Cruz Biotechnology) and anti-actin goat polyclonal (I-19, Santa Cruz Biotechnology).
For the luciferase assay, 2 Â 10 4 cells were seeded in each well of a 24-well plate, and transfected using Fugene 6 reagent (Roche) with 0.3 mg of firefly luciferase reporter (6 Â PRS9, 6 Â CD19 or 1 Â P3) and 0.015 mg of renilla luciferase reporter (PRL-TK, control for transfection efficiency). After 24 h, the cells were treated with or without 30 nM TMF (Sigma) for a 24 h period, and then the dual luciferase assay was performed using the reporter assay kit (Promega).
Transformation Assays
For the soft agar colony assay, 2 Â 10 4 cells in Iscove's medium (Gibco) containing 10% FBS with 0.35% agar (Agar Noble, Difco Laboratories) were seeded on top of 0.7% agar in the same medium. Both agar layers also contain the specified concentration of TMF. Two milliliters of medium with 0.7% agar and the specified concentration of TMF were added once per week. After three weeks incubation, the colonies were counted.
For the focus formation assay, 1 Â 10 3 transduced cells were mixed with 10 6 untransduced NIH3T3 cells and seeded into a 10 cm dish with 15 ml DMEM medium containing 10% FBS and the indicated TMF concentration. The medium with the indicated TMF concentration was changed two times per week for 2 weeks. After 2 weeks, the medium was removed, the cells were treated with Giemsa staining solution (Sigma), and the foci were counted.
Sequence Analysis of the DNA-Binding Domains of Fusion Positive ARMS Tumors The Primer3 program (http://frodo.wi.mit.edu/cgi-bin/ primer3/primer3_www.cgi) was used to select primer pairs that span the entire paired box or homeodomain of PAX3-FKHR and PAX7-FKHR (Table 1) . Total RNA was extracted from frozen tumors and RT-PCR was performed, as described previously. 9 The RT-PCR products were electrophoresed on a 1% agarose gel and the DNA was isolated using a QIAquick gel extraction kit (Qiagen). Using a series of primers on both strands of these regions, the paired box or homeodomain in the purified RT-PCR products was completely sequenced (50 ng of DNA and 1.1 mM of primer) in the University of Pennsylvania DNA Sequencing Facility. The DNA sequences were aligned against a known PAX3-FKHR and PAX7-FKHR sequence using Sequencher (Gene Codes) to check for sequence alterations.
RESULTS
Low Level PAX3-FKHR Expression does not Suppress Growth and Promotes Transformation
Our previous data indicated that high PAX3-FKHR expression from pK1 suppresses NIH3T3 cell growth. 8 By fusing PAX3-FKHR to the estrogen receptor (ER) ligand-binding domain, a TMF-inducible system was generated in pK1 and showed increased growth suppression and decreased transformation as PAX3-FKHR activity increased. These findings indicate the oncogenic consequences in a high level PAX3-FKHR expression system without mechanisms for attenuating growth suppression. To examine our ARMS tumorigenesis scenario, we developed a cell culture system for studying oncogenic consequences at low PAX3-FKHR expression levels. In this model system, PAX3-FKHR was again linked in-frame with the ER ligand-binding domain so that transcription activity is manipulated by addition of TMF. This construct was then subcloned into the pBabe retroviral vector, which differs from pK1 in that the test and puromycin resistance genes are expressed as separate transcripts, and thus high level PAX3-FKHR expression is not enforced by antibiotic selection. In addition, expression in pBabe is driven from a murine leukemia virus LTR in contrast to the murine stem cell PCMV virus LTR, which drives high level expression in MSCV-based vectors such as pK1 and MigR1. After transduction into NIH3T3 cells and selection in puromycin, Western blotting demonstrated that the expression level of PAX3-FKHR-ER in pBabe is much lower than that from pK1 ( Figure 1a ). In addition, a reporter assay using the luciferase gene linked to PAX3 DNA-binding sites revealed that reporter activity is much lower in cells transduced with PAX3-FKHR-ER-pBabe compared with PAX3-FKHR-ER-pK1 under the same TMF treatments ( Figure 1b) .
Next, we measured the growth of cells transduced with PAX3-FKHR-ER in pBabe and explored the effect of lower PAX3-FKHR expression on NIH3T3 cell growth. In NIH3T3 cells expressing PAX3-FKHR-ER in pK1, treatment with as little as 10 nM TMF resulted in detectable growth suppression ( Figure 4b and Xia and Barr 8 ). In contrast, PAX3-FKHR-ER expressed from pBabe vector did not inhibit NIH3T3 cell growth when treated with as high as 100 nM TMF ( Figure  1c ). These data confirm that the expression level of PAX3-FKHR is critical for NIH3T3 cell growth; higher level expression inhibits cell growth, but expression below a lower threshold does not detectably affect cell growth. Therefore, this pBabe expression system provides the opportunity to model our postulated first step in ARMS tumorigenesis and thereby to study PAX3-FKHR transformation without accompanying growth suppression associated with high PAX3-FKHR expression.
To examine the relationship between transformation and PAX3-FKHR activity in this low expression system, the PAX3-FKHR-ER-transduced NIH3T3 cells were seeded in soft agar and treated with varying TMF doses. The results show that PAX3-FKHR promotes soft agar colony formation in a TMF dose responsive manner using this pBabe system ( Figure 1d ). Therefore, these findings demonstrate that low PAX3-FKHR expression is a potent inducer of cellular transformation and suggests that, under an expression threshold, increasing activity/expression results in increased oncogenic output.
Next, to independently assess the phenotypic consequences of low PAX3-FKHR levels, this fusion was expressed constitutively in NIH3T3 cells using pBabe. The fusion protein was detected by Western blot analysis, and was active in the reporter assay (Figure 2a and data not shown). The expression level of PAX3-FKHR from pBabe is lower than that from pK1 when expressed transiently (after 3 days puromycin selection) (Figure 2a ), but both vectors express similar PAX3-FKHR levels after long-term selection. Cell growth assays demonstrated that these PAX3-FKHR expressing cells grew at a rate similar to control cells, and thus these cells did not 
Effect of PAX3-FKHR-Binding Domain Mutations in Low Expression System
To dissect the contributions of the paired box and homeodomain to the phenotypic activities of the PAX3-FKHR fusion protein, we previously introduced mutations into each domain: glycine was replaced with serine at position 48 in the paired box (G48S), and asparagine was replaced with alanine at position 269 in the homeodomain (N269A). Using high level expression retroviral systems (pK1 or MigR1), we previously demonstrated that the homeodomain mutation abrogates transformation but has no effect on growth suppression. In contrast, at high expression levels, the paired box mutation, partially abrogates growth suppression and may promote transformation. Therefore, the paired box mutation is a potential collaborating genetic alteration that may help to attenuate PAX3-FKHR-induced growth suppression. The question arises as to whether this mutation has any selective effects when PAX3-FKHR is expressed at low levels in accord with our proposed model of ARMS tumorigenesis. To assess the effects on transformation, WT and the two mutated versions of PAX3-FKHR-ER, all contained within pBabe, were transduced into NIH3T3 cells. Western blot analysis of the cell lysates showed that the expression levels are comparable in these transduced lines (Figure 3a) . Dual luciferase reporter assays were performed using specific DNA-binding sites (CD19 for paired box and P3 for homeodomain) and verified the loss of function of the mutations introduced into the corresponding domains ( Figure 3b ). Next, we explored the effect of these mutant forms of PAX3-FKHR on cell growth and transformation in NIH3T3 cells. In the cellular growth assay, similar to WT PAX3-FKHR, even as the TMF concentration was increased to 100 nM, the two PAX3-FKHR mutants did not show any detectable growth suppression (data not shown). Therefore, we could evaluate the effects of these mutations on oncogenic transformation in the absence of any concomitant growth suppression. In the soft agar assay of anchorage independence, the N269A mutant failed to induce any significant soft agar colony formation at any TMF dose, confirming that the homeodomain is required for PAX3-FKHR to induce transformation (Figure 3c ). In contrast, as the TMF concentration was increased, the G48S mutant enhanced soft agar colony formation dramatically in a dose responsive manner. The extent of colony formation was substantially higher than in WT PAX3-FKHR expressing cells (Figure 3c ), indicating a novel mechanism for increased stimulation of PAX3-FKHR induced transformation. To further explore the effect of the G48S mutation on oncogenic transformation, we employed the focus formation assay, which detects loss of cell contact inhibition. Analysis of focus formation in cells transduced with WT PAX3-FKHR as well as the vector alone or the N269A mutant did not reveal any significant focus formation on a monolayer of NIH3T3 cells. However, the G48S mutant promotes clearly detectable focus formation in response to TMF (Figure 3d ). These findings indicate that an inactivating mutation in the paired box increases the oncogenic potency of PAX3-FKHR and thus has selective value in the setting of low PAX3-FKHR expression. In combination with the finding that this mutation attenuates growth suppression at high PAX3-FKHR expression levels, such an alteration is a model of and candidate for a collaborating event in our model of ARMS tumorigenesis.
Screening for PAX3-FKHR and PAX7-FKHR-Binding Domain Mutations in ARMS Tumors
As an inactivating mutation of the paired box in PAX3-FKHR conforms to the criteria for a collaborating event in our proposed scenario for ARMS tumorigenesis, we proceeded to determine whether such mutations actually occur in ARMS cells. To conduct a larger screen for fusion protein-binding domain mutations in fusion-positive ARMS tumors, we examined the regions encoding both the paired box and the homeodomain in tumors expressing either the PAX3-FKHR or PAX7-FKHR fusion transcript. RT-PCR was performed to isolate each of these regions from tumor RNA as single DNA fragments. As these fusion genes are overexpressed in tumor cells relative to the corresponding WT gene, 3 the use of RNA as a starting material will enrich for binding domains originating from the fusion gene. The DNA sequencing results revealed that there were no significant mutations present within the paired box (23 samples) and homeodomain (19 samples) of PAX3-FKHR ARMS tumors or in the paired box (11 samples) and homeodomain (10 samples) of PAX7-FKHR ARMS tumors. Therefore, although the paired box mutations provided a collaborating event in the cell culture model system, these mutations are not in vivo events in ARMS tumors.
Search for Collaborating Events that Attenuate PAX3-FKHR-Induced Growth Suppression
As an alternative approach for identifying collaborating events consistent with our ARMS tumorigenesis scenario, we turned to in vivo events identified in ARMS tumors and assayed if they attenuate PAX3-FKHR-induced growth suppression. Comparative genomic hybridization analyses of ARMS tumors have identified the two most frequently amplified regions in ARMS to be 2p24 and 12q13-15. 10, 11 In the 2p24 region, MYCN is amplified in a subset of ARMS cases. 12 Although the region has not been extensively evaluated in ARMS, 12q13-15 amplicons in other sarcomas are centered around CDK4 and/or MDM2. 13 To test whether overexpression of these genes affects PAX3-FKHR growth suppressive activity, MDM2, CDK4 and MYCN, alone or combined, were transduced into NIH3T3 cells expressing high level PAX3-FKHR-ER from the pK1 vector. After selection or FACS analysis, protein expression was confirmed by Western blotting analysis (Figure 4a ). Of note, expression of each protein remained relatively constant in the different combinations, and expression of these transduced genes did not interfere with expression of PAX3-FKHR-ER.
Next, we performed the cell growth assay with the inducible PAX3-FKHR-ER system to test if these co-expressed proteins attenuate growth suppression when PAX3-FKHR is activated by TMF. Our results show that CDK4, MDM2 or MYCN is not sufficient acting alone to overcome growth suppression in the presence of high PAX3-FKHR expression/ activity (Figure 4b and data not shown) . Furthermore, although combination of two or three oncoproteins promotes cell growth compared to expression of PAX3-FKHR-ER alone (Figure 4b ), various combinations of the three oncoproteins including a combination of all three in the same cell does not result in any significant change in growth suppression. As MDM2 and CDK4 target the pRb and p53 pathways, we used the alternative approach of introducing the SV40 large T antigen as a single agent that will inactivate both pRb and p53 at the same time. After verifying the expression of T antigen by Western blotting analysis (Figure 4a) , we determined that the SV40 large T antigen failed to rescue the growth suppression caused by PAX3-FKHR activation (Figure 4b) . Therefore, disruption of pRb and/or p53 pathways does not enable cells to overcome PAX3-FKHR induced growth suppression.
Transformed NIH3T3 Cells do not Attenuate Growth Suppression Induced by PAX3-FKHR In our previous report, 8 PAX3-FKHR-ER in pK1 only efficiently transformed NIH3T3 cells in the soft agar assay at low TMF concentrations (0-3 nM), and the transformation frequency decreased substantially as the TMF concentration was increased. As a final issue, we addressed the question whether the decrease in transformation frequency may be due to growth suppression of transformed cells induced by high levels of the oncoprotein. To investigate this issue, transformed colonies from these cells transduced with PAX3-FKHR-ER in the pK1 vector were picked from soft agar plates in the presence of low TMF concentrations and expanded in culture as individual subclones. Western blot analysis of these subclones demonstrated varying levels of PAX3-FKHR-ER expression (data not shown). Two clones that expressed a PAX3-FKHR-ER level similar to the level in the original population were selected. When PAX3-FKHR activity was induced by 100 nM TMF, the growth rate was suppressed in both clones, similar to the growth suppression seen in the parental population and demonstrating that transforming status does not give cells tolerance to PAX3-FKHR-induced growth suppression ( Figure 5 ). Therefore, these findings support the premise that high PAX3-FKHR levels may transform cells but the associated growth suppression prohibits these transformed cells from proliferating to form detectable soft agar colonies.
DISCUSSION
In this study, we analyzed the relationship between PAX3-FKHR fusion protein function and expression level, the effect of genetic alterations on fusion protein function, and applicability of these findings to actual alterations occurring in Genetic events modulating PAX3-FKHR activities SJ Xia et al ARMS tumors. Based on experiments described in this paper, an expression system is now available to evaluate the PAX3-FKHR function at the low end of the expression range. As a result of differences between pK1 and pBabe retroviral vectors, there is a multi-fold difference in PAX3-FKHR expression such that high level expression from pK1 is associated with growth suppression and variable transforming activity whereas low level expression from pBabe is associated with transforming activity without growth suppression. Studies with transformed subclones revealed that the lower number of transformed cells seen at the higher expression levels is not due to lower intrinsic oncogenicity but rather to suppressed growth of transformed cells. Therefore, we conclude that oncogenic activity starts at very low expression levels and as expression increases, oncogenic activity increases but is antagonized and reversed by growth suppression, which commences at higher expression levels. The differing doseresponse curves for oncogenic and growth suppressive activities suggest that the target genes mediating these two different functions may be distinct. This hypothesis of separate targets is supported by the previous finding that growth suppression and transforming activities can be separately suppressed by paired box and homeodomain mutations, respectively. 8 Alternatively, growth suppression may be the consequence of overexpressing oncogenic pathways, and thus some target genes may be the same with the target gene expression level being the key difference.
In the proposed scenario for ARMS tumorigenesis, separate low and high fusion gene expression steps are proposed with an intervening step of collaborating genetic alterations. In theory, such collaborating alterations could occur early in tumorigenesis and allow for immediate high level fusion gene expression without the need for an early low expression step. However, ARMS tumors are notable for fusion gene overexpression relative to the WT gene. For most tumors with the 1;13 translocation, the mechanism of overexpression is fusion gene amplification. 3 Although a few tumors with the 2;13 translocation show fusion gene amplification, most cases appear to involve a copy-number independent increase in fusion gene transcription. We postulate that a transcriptional regulator is activated during tumorigenesis and preferentially upregulates the fusion gene. In favor of this hypothesis, previous studies identified some PAX3-FKHR ARMS cell lines in which PAX3-FKHR and PAX3 were expressed at comparable low levels. This finding suggests that either the transcriptional increase did not happen or was reversed, and is consistent with the hypothesis that low fusion gene expression is a distinct step in ARMS tumorigenesis.
The use of site-directed mutagenesis revealed a novel functional significance for the PAX3-FKHR paired box. At low expression levels, mutation of the paired box results in a striking increase in oncogenicity. At high expression levels, this mutation causes decreased growth suppression as well increased oncogenicity. In contrast, a homeodomain mutation inactivates oncogenic behavior. These findings confirm that PAX3-FKHR does not require two functional domains for oncogenic function. Moreover, these results contrast with studies of WT PAX3 in which critical mutations in either domain are associated with Waardenburg syndrome.
14 Additional evidence indicates that the two domains are functionally interdependent in PAX3, and that the paired box regulates homeodomain specificity and dimerization. 15 Based on this information, several hypotheses can explain the oncogenic consequences of the paired box mutation in PAX3-FKHR. First, the paired box may function as an independent DNA-binding element and regulate a set of target genes that inhibit transformation, with mutation of the paired box removing such inhibitory effects and increasing transformation. Alternatively, since the two domains interact, inactivation of the paired box may increase homeodomainbinding specificity and dimerization potential, therefore enhancing expression of homeodomain-related target genes important for transformation.
Although one cannot rule out the possibility that there is some cell type uniquely tolerant of this fusion protein, the leading hypothesis to explain the growth suppressive effects of PAX3-FKHR in most cell types is that additional genetic alterations render ARMS cells tolerant to this protein. Although ARMS tumors often have amplification in addition to the translocation, 11 several amplified targets (CDK4, MDM2, MYCN) did not alter PAX3-FKHR-mediated growth suppression, singly or in combinations. As CDK4, MDM2, and T antigen interfere with the pRB and p53 signaling pathways, these tumor suppressor pathways do not appear to be the source of PAX3-FKHR-mediated growth suppression. In contrast, a paired box mutation in PAX3-FKHR impairs growth suppression and stimulates oncogenicity and thus serves as a model for the collaborating mutation. The lack of paired box mutations in ARMS tumors indicates that such mutations are not the collaborating events occurring during in vivo ARMS tumorigenesis. Therefore, a novel mechanism must exist in the ARMS cell to collaborate with the fusion protein. One possibility is a non-mutagenic mechanism to inhibit paired box function, such as proteins binding to the paired box or post-translational modifications inhibiting paired box function. Additional studies are thus necessary to examine candidate alterations occurring in ARMS and further exploring novel mechanisms for inhibiting paired box function.
